A coated-wire ion-selective electrode (CWISE), based on a Schiff base as a neutral carrier, was successfully developed for the detection of Pb(II) in aqueous solution. CWISE exhibited a linear response with a Nernstian slope of 29.4 ± 0.5 mV/decade within the concentration range of 1.0 × 10 -5 -1.0 × 10 -1 M lead ion. CWISE has shown detection limits of 5.0 × 10 -6 M. The electrode exhibited good selectivity over a number of alkali, alkaline earth, transition and heavy metal ions. This sensor yielded a steady potential within 10 to 20 s at a linear dynamic range. The electrode was suitable for use in aqueous solutions in a pH range of 2.0 to 5.0. Applications of this electrode for the determination of lead in real samples and as indicator electrode for potentiometric titration of Pb 2+ ion using K2CrO4 are reported.
Introduction
Lead is present in various products (e.g. pipes, ammunition, solder, paint, petrol). The major source of lead in the environment is the use of lead as a petrol additive. Atmospheric pollution by lead has caused considerable concern in the past, and many countries have phased out its use in petrol. The average concentrations of Pb in soil are between 15 and 25 mg kg -1 . Lead is naturally present in galena (PbS), and soils derived from the weathering of this mineral may have high Pb contents. However, lead already in the environment is cycled through the biogeochemical cycle, and lead originally released into the atmosphere has ended up in surface and ground water. Lead can cause damage to the nervous system and the kidneys, and it is a suspected carcinogen. Lead in the environment is generally present as inorganic Pb 2+ . The use of ion-selective electrodes (ISEs) for the detection of lead has received much interest, and many ligands have been investigated as sensing agents in electrodes based on an ionophore-doped poly(vinyl chloride) (PVC) membrane. 1 During the past two decades, an extensive effort has been focused on the synthesis and characterization of various carriers with high selectivity for lead ion to develop new potentiometric sensors for the determination of Pb 2+ ions in different real samples. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] However, these efforts on lead ion electrodes have not been very fruitful because the reported electrodes have either one, two or, in some cases, the entire figures of merits, which are no adequate (such as: near Nernstian slope, narrow linear range, high detection limit and interferences from various ions).
Coated wire ion-selective electrodes (CWISEs) based on coating polymeric membrane films directly on the surface of a conducting substance are very simple to construct and maintain, since no filling solution is required and if the membrane is thin enough, such electrodes usually equilibrate much faster with the solution. They are capable of such extreme miniaturization that they should find applications in biomedical and clinical fields, as well as in environmental research.
Many cyclic and acyclic macromolecules have recently been introduced as ionophores in potentiometric and optical polymeric sensors for various cations and anions. Certain synthetic, lipophilic oxa-and dicarboxylic amides act as leadselective neutral carriers in liquid-membrane electrodes. 14, 15 In this work, a lead ion-selective electrode incorporating synthesized bis(2-hydroxyacetophenone)ethylenediimine are investigated. Their sensing membranes, based on ion-selective electrodes, were prepared by using poly(vinyl chloride) (PVC). The potentiometric response properties, reproducibility and selectivity of electrodes were evaluated by the response potentials and selectivity coefficients. The sensors exhibited significantly high sensitivity, stability, and selectivity for Pb 2+ ions over many common ions, and were successfully used for determining Pb 2+ ions in various matrices.
Experimental
Chemicals Bis(2-hydroxyacetophenone)ethylenediimine (BAED) (Fig. 1 ) was prepared in the laboratory. Sodium tetraphenylborate (NaTPB), tetrahydrofuran (THF), and nitrate or chloride salts of all cations, investigated as interferences, were all of analytical reagent grade from Merck, and were used as received, except for THF, which was distilled before use. PVC of relatively high molecular-weight, bis 2-ethylhexylphthalate (BEHP) and dibutylphthalate (DBP) of the highest purity available from Aldrich were used without further purification. All metal ion solutions were prepared in doubly distilled water, and solutions of different concentrations were made by the serial dilution of 1.0 M stock solutions. The pH response profile for the electrode was examined by the use of different concentrations of lead(II) ions.
Preparation of bis(2-hydroxyacetophenone)ethylenediimine (BAED)
The Schiff-base, bis(2-hydroxyacetophenone)ethylenediimine (BAED), was prepared according to the literature through the well known, following procedure: 16 1,2-diaminoethane (0.3 g, 5 mmol) was dissolved in 40 ml ethanol, and then transferred into a 250 ml three-necked flask. Under reflux, 1.36 g (10 mmol) of 2-hydroxyacetophenone in 40 ml of ethanol was added dropwise to the flask. The stirred mixture was kept reacting for 50 min, under reflux, and then cooled to room temperature. The solid product was filtered and the resulting product was recrystallized from chloroform. The results of chemical analysis were: Anal. Calcd. for C18H20N2O2: C, 72.95%; H, 6.80%; N, 9.45%. Found C, 72.81%; H, 6.76%; N, 9.52%.
PVC membrane-coated electrode
Coated-wire electrodes were prepared according to previously reported methods. 17, 18 A mixture of PVC, plasticizer and the membrane additive, to give a total mass of 200 mg, was dissolved in about 5 ml of THF. To this mixture was added ionophore BAED and the solution was mixed well. The membrane compositions are listed in Table 1 . Platinum wire, about 1 mm diameter and 10 mm length, was sealed into the end of a glass tube and soldered onto a shielded cable, then cleaned using nitric acid. The clean wire was coated by repeated dipping (several times, a few minutes between dips) into the membrane solution in THF and allowed to dry each time. The electrodes were rinsed with water and conditioned in a 0.1 M lead nitrate solution. The conditioning time was about 18 h for first and 3 h for successive uses. The coating solutions are stable for several weeks if kept in a refrigerator, and can be used for the construction of new membranes.
Apparatus
Potentials were measured with a Metrohm Model 691 pH/mV meter. A saturated calomel electrode (SCE, Metrohm) with a double junction was used as a reference electrode. The pH of the sample solutions was monitored simultaneously with a conventional glass pH electrode (Metrohm). An atomicabsorption spectrometer (Perkin-Elmer Model 2380) with an air-acetylene flame was used as a reference method for the determination of lead in wastewater samples. Measurements were performed according to the manufacturer's directions.
Potential measurement and calibration
A coated-wire electrode containing BAED carrier was used as a measuring electrode in junction with a double-junction saturated calomel electrode (SCE, Metrohm).
All measurements were performed at ambient temperature (25 ± 1˚C) using a galvanic cell of the following type: Hg, Hg2Cl2, KCl (saturated)||sample solution|PVC membrane|Pt electrode.
The performance of each electrode was investigated by measuring its potential in lead nitrate solutions prepared in the concentration range of 1.0 × 10 -7 -1.0 × 10 -1 M by serial dilution at constant pH with buffer solutions. The pH of the sample solution was monitored simultaneously with a conventional glass pH electrode (Metrohm). The solutions were stirred and potential readings were recorded when they became stable. The data were plotted as observed potential vs. the logarithm on the lead concentration. The potentiometric selectivity (KPb,M) was determined by the fixed interference method (FIM). 19, 20 The response time of an ISE is the length of time between the instant at which the ISE and a reference electrode are brought into contact with a sample solution (or the time at which the concentration of the ion of interest in a solution is changed on contact with an ISE and a reference electrode) and the first instant at which the potential of the cell becomes equal to its steady state value within 1 mV or has reached 90% of the final value. The response times (t90) were determined on changing the ion activity of a sample solution from 1.0 × 10 -6 to 1.0 × 10 -1 M. The potentiometric titration of a Pb 2+ solution was carried out with a potassium chromate solution using a lead-selective electrode as an indicator electrode in conjunction with a fiber junction SCE.
Results and Discussion
An electrode based on BAED as the carrier in a plasticized PVC membrane was found to be highly responsive to lead ion relative to several other cations. We therefore studied in detail the performance of the electrode for lead ion. In order to test the performance of the electrode characteristics, various operation parameters viz. selectivity, response time, sensitivity, life time, working range of the electrode, pH and the effect of the membrane composition were investigated.
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Influence of membrane composition
It is well known that the sensitivity, linear dynamic range and selectivity of ion-selective electrodes depend not only on the nature of the carrier used, but also significantly on the membrane composition and the properties of the additives employed. Thus, the influence of the membrane composition, nature and amount of the plasticizer, and lipophilic additives on the potential response of the membranes were investigated. Several membrane compositions were investigated by varying the ratio of PVC, plasticizer and ionophore as the membrane active material. Table 1 presents the compositions of several typical membranes, along with their other characteristics. The potential response of all the electrodes was studied in the concentration range of 1.0 × 10 -5 -1.0 × 10 -1 M Pb 2+ . As can be seen in Table 1 , an increase in the concentration of the membrane active phase, 7% (by weight), seems to be beneficial for obtaining an electrode slope closer to the theoretical value. Among the different compositions, membrane 6 incorporating 32% PVC, 59% BEHP, 7% ionophore and 2% NaTPB had a slope closer to the Nernstian slope. The potential response of the optimized coated-wire electrode to varying concentrations of lead(II) ions was examined. The calibration plot is shown in Fig. 2 , which indicates a linear range from 1.0 × 10 -5 -1.0 × 10 -1 M Pb 2+ with a Nernstian slope of 29.4 ± 0.5 mV per decade of Pb 2+ concentration. The practical limit of detection, defined as the concentration of lead ion obtained from the intersection of two extrapolated segments of the calibration graph, was about 5.0 × 10 -6 M. Whereas a certain signal-to-noise ratio describes the detection limits of techniques with linear relationships between the signal and the amount of sample, the signal-to-noise is meaningless for the detection limits of potentiometric measurements in which the EMF signal is proportional to the logarithm of the activity. The noise describes the relative precision of the EMF measurement, rather than the detection limit.
The potentiometric response of the membrane was greatly improved in the presence of a lipophilic anionic additive, NaTPB. Previous studies had shown that there is an optimal concentration of lipophilic ionic additives in the membranes that gives the best electrode performance. Generally, better response characteristics were observed with an ionophore/NaTPB weight ratio of about 3.5, which corresponds to a mole ratio of about 4.1. It is known that, lipophilic salts not only reduce the membrane resistance, but also enhance the response behavior and selectivity, and reduce the interferences from sample anions. 8, 21 The response of ISE membranes containing various kinds of ionic sites can be used to distinguish whether the ionophore acts as an electrically charged or an uncharged carrier. 22, 23 It has been shown that ISEs with electrically neutral carriers only function if sites with a charge opposite to that of the analyte are present. 22 Neutral-carrier based cation-selective electrodes require lipophilic ionic sites with a charge sign opposite to that of the primary ion for obtaining Nernstian responses. 24, 25 However, for the charged carrier-based ionselective electrodes, the charge sign of the ionic sites that gives the highest potentiometric selectivities depends on the charge of the ionophore, the charge of the primary and interfering ions as well as on the stoichiometry of their complexes with the ionophore. 26 Therefore, from the different effect, the charge of the added ionic sites has on neutral and charged carrier based ion-selective electrodes: the carrier mechanism may be evaluated by investigating membranes that contain ionic sites of opposing charges. 23, 27 On the basis of the above discussions, an enhancement of the electrode response in the presence of NaTPB, i.e., higher sensitivity and wider linear range, it appears that BAED acts as a neutral carrier in the membranes.
In general, the basic requirements for an adequate plasticizer are given by at least four criteria. On one hand, a plasticizer must exhibit sufficient lipophilicity, no crystallization in the membrane phase and no exudation in order to guarantee good performance. On the other hand, an optimization of the selectivities should be achieved for each application. The lipophilicity, log PTLC of the plasticizer can be enhanced by lengthening the alkyl residues. Plasticizer/PVC ratios of 1.83 -1.95 were examined.
A membrane prepared with a plasticizer/PVC ratio of about 1.84 was found to have the best sensitivity and the widest linear range.
It was also observed that the potentiometric response of the electrode toward lead(II) is dependent on the concentration of the ionophore incorporated within the membrane.
The maximum sensitivity was observed for a membrane containing 7 wt% of ionophore.
Response characteristics of the electrodes
The effect of the pH of the test solution on the response of the membrane electrodes was examined at two lead concentrations. As illustrated in Fig. 3 that the sensor is suitable for lead determination in the pH range of 2.0 -5.0. The variation of the potential at pH < 2.0 could be related to protonation of the ligand in the membrane phase, which results in a loss of its ability to complex with Pb 2+ ions. At a higher pH (> 5.0), the potential drop may be due to the hydrolysis of the Pb 2+ ions. The IUPAC preferred manner of reporting the response times is now a defined rate (ΔE/Δt) instead of the previously used t95. 28 Accordingly, the response time is defined herein as the time between the addition of an analyte to the sample solution and the time when a steady-state potential with less than 0.1 mV/min change has been achieved. For analytical applications, the response time of a sensor is an important factor. The average time for the Pb 2+ -selective electrode to reach a potential within ±1 mV of its final equilibrium value was measured after successive immersion of the electrode in a series of Pb 2+ solutions, each having a 10-fold increase in Pb 2+ concentration from 1.0 × 10 -5 to 1.0 × 10 -1 M. The obtained static response time for a PVC membrane electrode was 10 s for a 1.0 × 10 -1 M Pb 2+ concentration, at lower concentrations, the response time was delayed and reached 15 s for Pb 2+ . The sensing behavior of the membrane electrode remained unchanged when the potentials were recorded either from low to high concentration, or vice versa. The response times of the proposed electrodes with respect to 1.0 × 10 -3 M Pb(NO3)2 solutions are shown in Fig. 4 . The potentials remained constant for approximately 5 min, after which a very slow change within the resolution of the meter was recorded.
The stability and reproducibility of the electrodes were also tested. It is readily apparent that any measurement device must give a result that approximates to the real value (accuracy), and must do this with sufficient reproducibility (precision) for individual readings to be dependable. Statisticians say that random errors affect the precision, or reproducibility, of an experiment. Standard deviations of 20 replicated measurements for the PVC sensor at 1.0 × 10 -3 and 1.0 × 10 -4 M concentrations of lead were ±0.6 and ±0.8 mV, respectively. The long-term stability of the electrode was studied by periodically recalibrating in standard solutions and calculating the response slope over the range of 1.0 × 10 -5 -1.0 × 10 -1 M. The lifetimes of the electrodes were determined by recording their potentials at an optimum pH value and plotting their calibration curves each day. It was observed that there was no significant change in the slope of an electrode on the following day. The membrane PVC electrode was tested over a period of 2 months to investigate its stability. During this period, the electrode was in daily use. The parameters, such as the slope, working range and response time of the electrode were found to be reproducible. The slopes of the electrode response were reproducible to within 2.5 mV/decade over a period of 2 months.
The basic parameter characterizing the analytical properties of each new electrode is its selectivity coefficient. The selectivity of any ion-selective electrode is clearly one of its most important characteristics, since this property often determines whether a sensor may be used reliably in the target sample. Therefore, the coefficients of selectivity should be determined in a standardized way by a theoretically justified method that ensures the analytical usefulness of the determined values, and enables the possibility of comparing the selectivities of different electrodes. The potentiometric selectivity coefficients (K pot Pb 2+ ,M n+ ) of the lead-selective electrode were determined by the FIM method 28 from potential measurements of solutions prepared with a fixed concentration of the interfering ions and varying concentrations of Pb 2+ .
The potentiometric selectivity coefficients of the proposed electrodes are summarized in Table 2 . As is evident from the data in Table 2 , the electrodes based on BAED exhibit a relatively high selectivity toward Pb 2+ with respect to alkali, alkaline earth and several common transition-metal ions. From the potentiometric selectivity data presented here, it is obvious that BAED interacts relatively strongly with the Pb 2+ ion, and can be used successfully as a sensing agent for lead-selective electrodes. However, the BAED, with nitrogen and oxygen atoms seems to fit the coordination tendencies of the Pb 2+ ion better than any of the remaining cations tested, and explains its relatively good selectivity toward lead ion.
The optimum conditioning time for the lead-membrane selective electrode in 1.0 × 10 -1 M lead nitrate solution was found to be 18 h. It then generated a stable potential when placed in contact with lead solutions. Table 3 lists the linear range, detection limit, lifetime and slope of some of the lead-selective electrodes against the proposed lead-selective electrode for comparative purposes. [5] [6] [7] [9] [10] [11] As can be seen from Table 3 , many of the reported lead-selective electrodes respond to lead with a less than linear range, worse selectivity and also near Nernstian slope with respect to proposed lead-selective electrodes.
To assess the applicability of the PVC-membrane coated-wire ion-selective electrode to real samples, an attempt was made to determine lead in real samples. Samples 1 and 2 were wastewater. Wastewater samples were filtered through filter 868 ANALYTICAL SCIENCES JUNE 2006, VOL. 22 paper and acidified with 1:1 nitric acid to a pH of about 3.0, and then diluted with distilled water to the mark of a calibrated flask. The lead content was measured using a PVC coated-wire electrode and by atomic absorption spectrometry (AAS), with the standard addition method. The amount of lead obtained by potentiometry was in good agreement with the results obtained by AAS (Table 4) . Each sample was analyzed in triplicate, and the analysis by sensors was repeated under identical conditions, a number of times (4), to assess the reliability of the results. The proposed electrode was applied to the recovery of lead ion from a synthetic sample. The results are given in Table 4 . Potentials were measured after adjusting their pH. The proposed electrodes were successfully applied as an indicator electrode in the potentiometric titration of Pb 2+ solution with K2CrO4 as a suitable titrant. Typical results for the titration of a 5 ml 1.0 × 10 -2 M Pb 2+ solution with 1.0 × 10 -2 MCrO4 2-are shown in Fig. 5 . Dilution effects were taken into consideration and duly accounted for. A very good inflection point, showing perfect stoichiometry, was observed in the titration plot (Fig. 5) . It was found that, the amount of lead in the solution can be accurately determined with the electrode.
Conclusion
On the basis of the results discussed in this paper, we conclude that bis(2-hydroxyacetophenone)ethylenediimine (BAED) is an important neutral-type ionophore, and that its membrane in PVC can be used to determine Pb 2+ in the range from 1.0 × 10 -1 to 1.0 × 10 -5 M. The interferences from common ions are not very serious, and the range of pH over which Pb 2+ can be measured is 2.0 -5.0. The proposed method has excellent reproducibility, a wide linear range, good selectivity, time saving and a Nernstian slope. These are all important features of the system. Interfering ions with K pot ≥ 1 × 10 
